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ABSTRACT 

P a s t  e x p e r i e n c e  has  shown tha t  the  c a p t u r e  c o e f f i c i e n t  of a t i t a n i u m  
s u r f a c e  f o r  h y d r o g e n  is  s t r o n g l y  d e p e n d e n t  upon the  s u r f a c e  t e m p e r a t u r e  
and the  cond i t i ons  u n d e r  wh ich  the  f i l m  is f o r m e d .  Th i s  r e p o r t  p r e s e n t s  
the r e s u l t s  of an i n v e s t i g a t i o n  which  d e t e r m i n e d  the  i m p o r t a n c e  of s o m e  
of the  v a r i a b l e s .  It was  found tha t  the  c a p t u r e  c o e f f i c i e n t  i n c r e a s e d  as  
the  t i t a n i u m  s u r f a c e  t e m p e r a t u r e  was  d e c r e a s e d  f r o m  273 to 77~K. 
M o r e o v e r ,  the  c a p t u r e  coe f f i c i en t  could  be  f u r t h e r  i n c r e a s e d  by l o w e r i n g  
the t e m p e r a t u r e  of the  s u b s t r a t e  upon w h i c h  the t i t a n i u m  f i lm  was  d e p o s i t e d  
f r o m  273 to 77°K. Also ,  the c a p t u r e  c o e f f i c i e n t  was  found to be i n d e p e n d e n t  
of f i l m  t h i c k n e s s  and c h a m b e r  p r e s s u r e  but i n c r e a s e d  when  the  d e p o s i t i o n  
was  c a r r i e d  out in an i n e r t  h e l i u m  a t m o s p h e r e .  F o r  the r a n g e  of cond i -  
t ions  i n v e s t i g a t e d ,  the  s t i c k i n g  f r a c t i o n  was  found to v a r y  f r o m  0 .01  to 0 . 5 .  
The  e x p e r i m e n t a l  da t a  s u g g e s t  tha t  s u r f a c e  d i f fus ion  is  an i m p o r t a n t  p a r t  
of the  m e c h a n i s m  by wh ich  t i t a n i u m  c a p t u r e s  h y d r o g e n .  C a l c u l a t i o n s  u s i n g  
a t h e o r e t i c a l  m o d e l  wh ich  i n c o r p o r a t e s  d i f fus ion  a g r e e d  we l l  wi th  the e x p e r i -  
m e n t a l  r e s u l t s .  
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To m a i n t a i n  a v a c u u m  e n v i r o n m e n t  in s p a c e  s i m u l a t i o n  c h a m b e r s ,  an 
e f f i c i en t  pumping  s y s t e m  is n e e d e d  fo r  e a c h  type  of gas  l o a d  g e n e r a t e d .  
C r y o s u r f a c e s  can  be u s e d  e f f e c t i v e l y  to pump m o s t  g a s e s ,  but s o m e  g a s e s  
such  as  h y d r o g e n  a r e  e s p e c i a l l y  d i f f icu l t  to c r y o p u m p  and d i f fus ion  p u m p s  
a r e  n o r m a l l y  u s e d  to pump the h y d r o g e n  gas  load .  The  use  of t i t a n i u m  as 
an a d s o r p t i o n  agent  f o r  h y d r o g e n  gas  was  i n v e s t i g a t e d  in an e f fo r t  to f ind 
a m o r e  e f f e c t i v e  t e c h n i q u e  than  c r y o p u m p i n g  o r  d i f fus ion  pumping .  

T i t a n i u m  a d s o r b s  h y d r o g e n  gas  e f f i c i e n t l y  at  p r e s s u r e s  be low the  
b a s e  p r e s s u r e  of m o s t  d i f fus ion  pumps .  H o w e v e r ,  i ts  u s e f u l n e s s  fo r  
m a i n t e n a n c e  of a v a c u u m  is d e t e r m i n e d  by the  r a t e  at wh ich  it can  a d s o r b  
h y d r o g e n .  R e f e r e n c e s  1 and 2 i n d i c a t e  t ha t  the  r a t e  of a d s o r p t i o n  v a r i e s  
wi th  the  t e c h n i q u e  e m p l o y e d .  Thus ,  the  e x p e r i m e n t s  r e p o r t e d  h e r e  w e r e  
u n d e r t a k e n  to d e t e r m i n e  the  p a r a m e t e r s  w h i c h  c o n t r o l  the  r a t e  of a d s o r p -  
t ion.  T h e  p a r a m e t e r s  i n v e s t i g a t e d  w e r e  c h a m b e r  p r e s s u r e ,  f i lm  t e m p e r a -  
t u r e ,  f i lm  t h i c k n e s s ,  s u b s t r a t e  t e m p e r a t u r e  d u r i n g  f i l m  d e p o s i t i o n ,  and 
the  i n f l u e n c e  of a low d e n s i t y  i n e r t  gas  a t m o s p h e r e  d u r i n g  d e p o s i t i o n .  

E x p e r i m e n t a l  r e s u l t s  a r e  p r e s e n t e d  fo r  s t i c k i n g  f r a c t i o n  and e x p o n e n t i a l  
d e c a y  c o n s t a n t  as  func t ions  of t e m p e r a t u r e  and p r e s s u r e .  With t h e s e  r e s u l t s  
it is  p o s s i b l e  to c o m p u t e  the p r e s s u r e  v e r s u s  t i m e  r e s p o n s e  of a v a c u u m  
c h a m b e r  fo r  a g iven  gas  load .  

SECTION II 
APPARATUS 

2.1 VACUUM CHAMBER 

The  e x p e r i m e n t s  w e r e  c a r r i e d  out in a c y l i n d r i c a l  s t e e l  v a c u u m  c h a m -  
b e r ,  10.4  in. in d i a m e t e r  by 10.5  in. long.  T h e  e f f e c t i v e  v o l u m e  of th i s  
c h a m b e r ,  wh ich  i n c l u d e s  s o m e  of the  a s s o c i a t e d  tub ing  c o n n e c t e d  to the 
c h a m b e r ,  was  m e a s u r e d  to be 16,585 + 80 c m  3, and the  e f f ec t i ve  s u r f a c e  
a r e a  was  c a l c u l a t e d  to be 3 , 3 0 7 . 8  c m  2. F o r  n o m i n a l  c a l c u l a t i o n s ,  a 
v o l u m e  of 16.6 ~ and a s u r f a c e  a r e a  of 3 .3  x 103 cm2 w e r e  u sed .  A 
s c h e m a t i c  of the b a s i c  c h a m b e r  a r r a n g e m e n t  is shown in F ig .  1. 

T h e  v a c u u m  c h a m b e r  was  i m m e r s e d  in a t e m p e r a t u r e  ba th  to c o n t r o l  
the c h a m b e r  t e m p e r a t u r e .  The  b a s e  of the c h a m b e r  was  c l o s e d  wi th  a 
c o p p e r  g a s k e t  s e a l ,  w h i c h  was  v a c u u m  t ight  fo r  c y c l i n g  t e m p e r a t u r e s  
r a n g i n g  f r o m  about  400 to 77°K p r o v i d e d  c a r e  was  t a k e n  to p r e v e n t  l a r g e  
t e m p e r a t u r e  g r a d i e n t s  a c r o s s  the  f ace  of the s e a l .  
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2.2 PUMPING SYSTEM 

The  pumping  s y s t e m  c o n s i s t e d  of a s i ng l e  9 0 - ~ / s e c ,  a i r - c o o l e d ,  oil  
d i f fus ion  pump backed  by a r o u g h i n g  pump.  The  p u m p - o u t  l i ne  j o i n e d  
the  ce l l  t h r o u g h  ~ 2- in .  e lbow c o n n e c t e d  to the  top of the c h a m b e r .  The  
pumping  s p e e d  ob ta ined  f r o m  the pumping  s y s t e m  was m e a s u r e d  to be 
9 .5  ~ / s e c  for  h y d r o g e n  and 2 .5  ~ / s e c  fo r  n i t r o g e n .  

2.3 PRESSURE SENSOR SYSTEM 

All data  w e r e  r e a d  out in the  f o r m  of a p r e s s u r e - t i m e  r e s p o n s e .  
The  p r e s s u r e  was  s e n s e d  wi th  both a B a y a r d - A l p e r t  i o n i z a t i o n  gage  and 
a 90 -deg  m a g n e t i c  s e c t o r  p a r t i a l  p r e s s u r e  a n a l y z e r .  Both t ypes  of g a g e s  
w e r e  j o i n e d  to a 16- in .  - long ,  1- in.  - d i a m  pipe  wh ich  e x t e n d e d  up and out 
of the  t e m p e r a t u r e  ba th  s u r r o u n d i n g  the  v a c u u m  c h a m b e r .  

2.4 POROUS PLUG FLOW SYSTEM AND THROUGHPUT 

H y d r o g e n  was a d m i t t e d  to the  c h a m b e r  t h rough  a f r i t t e d  g l a s s  po rous  
plug as  shown in Fig .  2. The  c o n d u c t a n c e  of the po rous  plug was m e a s -  
u r e d  i n - p l a c e  and at r o o m  t e m p e r a t u r e  to be 1. 1 x 10-3 ~ / s e c  fo r  h y d r o g e n  
gas .  The  u p p e r  t o l e r a b l e  f o r e p r e s s u r e  r e q u i r e d  for  the  p o r o u s  plug to 
behave  as  a t r u e  m o l e c u l a r  l e a k  was above  300 t o r r ,  we l l  above the  f o r e -  
p r e s s u r e  r a n g e  of 10 to 50 t o r r  u s e d  du r ing  t h e s e  e x p e r i m e n t s .  Us ing  Pf 
to deno te  the f o r e p r e s s u r e  on the  p o r o u s  plug and Pc to deno te  the  r o o m  
t e m p e r a t u r e  ce l l  p r e s s u r e ,  the  t h roughpu t  to the  ce l l ,  Q ,  is g i v e n  by 

Q = ( I . I  x 10 - 3 ~ / s e c ) ( P f  - P c )  ( I )  

In t h e s e  e x p e r i m e n t s ,  Pc  was  a lways  n e g l i g i b l e  r e l a t i v e  to 
Pf (Pc < 10-4 t o r r  and Pf  > 10 t o r r ) .  H o w e v e r ,  the  low c h a m b e r  t e m p e r a -  
t u r e  u s e d  fo r  the  e x p e r i m e n t s  c a u s e d  the  t h roughpu t  to the  ce l l  to be 
r e d u c e d .  Us ing  T R to  deno te  r o o m  t e m p e r a t u r e  and T to deno te  ce l l  t e m -  
p e r a t u r e ,  the  t h roughpu t  to the  ce l l  is  g i v e n  by (Ref. 3): 

Q = ( I . I  x 1 0 - 3 ~ / s e c )  Pf T TR (2) 
The  va lue  u s e d  fo r  T R was  2989[ .  F l u c t u a t i o n s  about th i s  va lue  w e r e  not  
s ign i f i can t .  

2.5 TITANIUM FILAMENTS 

T h e  t i t a n i u m  f i l a m e n t s  w e r e  c o n s t r u c t e d  of 8 to 10 s t r a n d s  of 20 - r a i l  
t u n g s t e n  w i r e  a r o u n d  which  2 0 - m i l  t i t a n i u m  w i r e  was  t w i s t e d  to f o r m  a 
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n e a t  s h e a t h  of  t i t a n i u m .  T h e  n u m b e r  o f  i n c h e s  of t i t a n i u m  w i r e  u s e d  w a s  
v a r i e d  a n d  i s  s t a t e d  a l o n g  w i t h  t h e  e x p e r i m e n t a l  r e s u l t s .  T h e  e n d s  of  t h e  
t u n g s t e n  s t r a n d s  w e r e  b o l t e d  t o  h i g h  c u r r e n t  v a c u u m  f e e d t h r o u g h s .  N o  
t i t a n i u m  m a d e  d i r e c t  c o n t a c t  w i t h  t h e  f e e d t h r o u g h s .  

SECTION III 
PROCEDURE 

T h e  c e l l  w a s  f i r s t  p u m p e d  d o w n  at  r o o m  t e m p e r a t u r e  up  to  a n d  
t h r o u g h  t h e  f r i t t e d  g l a s s  l e a k .  N e x t ,  t h e  t e m p e r a t u r e  b a t h  c o n t a i n e r  w a s  
f i l l e d  w i t h  t h e  d e s i r e d  b a t h .  T h r e e  b a t h  t e m p e r a t u r e s  w e r e  u s e d .  T h e  
f i r s t  b a t h  w a s  l i q u i d  n i t r o g e n  at  77°K, t h e  s e c o n d  b a t h  w a s  p a c k e d  d r y  i c e  
at  195°K,  a n d  t h e  t h i r d  w a s  a n  i c e  w a t e r  b a t h  at  273~K. No a t t e m p t  w a s  
m a d e  t o  o b t a i n  a d d i t i o n a l  t e m p e r a t u r e  b a t h s  b e c a u s e  i t  w a s  d e s i r e d  o n l y  
to  d e t e r m i n e  w h e t h e r  o r  n o t  t h e  r a t e  o f  a d s o r p t i o n  c h a n g e d  w i t h  t e m p e r a -  
t u r e ,  a nd  i f  s o ,  in  w h a t  d i r e c t i o n .  

A f t e r  t h e  f i r s t  b a t h  t e m p e r a t u r e  w a s  e s t a b l i s h e d ,  t h e  g a s  a d d i t i o n  
l i n e  w a s  i s o l a t e d  f r o m  t h e  s y s t e m ;  a n d  a f i l a m e n t  w a s  e v a p o r a t e d  by  s e n d -  
i n g  120 a m p  t h r o u g h  t h e  f i l a m e n t  ( the  c u r r e n t  v a l u e  a t  w h i c h  e v a p o r a t i o n  
b e g a n )  a n d  s l o w l y  i n c r e a s i n g  t h e  f i l a m e n t  c u r r e n t  u n t i l  b u r n o u t  r e s u l t e d .  
N e x t ,  t h e  f i r s t  b a t h  w a s  d r a i n e d  (if ,  a s  w a s  t h e  u s u a l  c a s e ,  t h e  r e s t  o f  t h e  
e x p e r i m e n t  w a s  to  p r o c e e d  at  a d i f f e r e n t  t e m p e r a t u r e ) ,  a n d  t h e  t e m p e r a -  
t u r e  b a t h  c o n t a i n e r  w a s  f i l l e d  w i t h  a d i f f e r e n t  m e d i u m .  D u r i n g  t h i s  t e m -  
p e r a t u r e  c h a n g e  t i m e ,  w h i c h  r e q u i r e d  f r o m  one  to  t w o  h o u r s ,  t h e  g a s  
a d d i t i o n  s y s t e m  w a s  p u r g e d  w i t h  h y d r o g e n ,  a n d  a r e g u l a t e d  h y d r o g e n  p r e s -  
s u r e  of  f r o m  10 t o  50 t o r r  w a s  e s t a b l i s h e d  b e h i n d  t h e  f l o w  v a l v e .  

Next, the flow valve was opened, and the pressure-time response in 
the cell was recorded. The diffusion pump was usually left open to the 
system during a run. The maximum pumping speed of 9.5 ~/sec con- 
tributed by the diffusion pump was negligible relative to the I0,000- to 
30,000-~/sec pumping speed obtained from the titanium deposit. 

The bath temperature during titanium deposition, which was also the 
deposit substrate temperature, is hereafter referred to as the deposit 
t e m p e r a t u r e .  S i m i l a r l y ,  t h e  b a t h  t e m p e r a t u r e  a t ' w h i c h  t h e  e x p e r i m e n t a l  
r u n  w a s  m a d e  a n d  w h i c h  w a s  a l s o  t h e  t i t a n i u m  f i l m  a n d  g a s  t e m p e r a t u r e ,  
i s  h e r e a f t e r  r e f e r r e d  to  a s  t h e  r u n  t e m p e r a t u r e .  O r i g i n a l l y ,  i t  w a s  
d e s i r e d  t o  r u n  at  e a c h  o f  t h e  t h r e e  b a t h  t e m p e r a t u r e s  (77,  195,  a n d  
273~K) f o r  e a c h  o n e  of  t h e  s a m e  t h r e e  d e p o s i t  t e m p e r a t u r e s .  A l l  of  t h e s e  
r u n s  w e r e  c o m p l e t e d  e x c e p t  a r u n  at  273~K a f t e r  d e p o s i t i o n  a t  195~K. 
T h r e e  o t h e r  t y p e s  of  r u n s  w e r e  m a d e .  In t h e  f i r s t  r u n  t h e  d e p o s i t  t h i c k n e s s  
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was changed ,  in the  s e c o n d  the  h y d r o g e n  g a s  p r e s s u r e  (i. e. 0 the  t h r o u g h -  
put) was  changed ,  and in the  t h i r d  the  t i t a n i u m  was d e p o s i t e d  in a h e l i u m  
a t m o s p h e r e .  Spec i f ic  de t a i l s  of each  run  a r e  g i v e n  wi th  the  r e s u l t s .  

SECTION IV 
BASIC PRESSURE RESPONSE AND THEORETICAL CONSIDERATIONS 

The  c u r v a t u r e  of the  r e s u l t i n g  p r e s s u r e - t i m e  r e s p o n s e  is i nd i ca t i ve  
of the  a d s o r p t i o n  p h e n o m e n o n  and, as wil l  be shown,  the a d s o r p t i o n  
m e c h a n i s m  i t se l f .  An e x a m p l e  of a t yp i ca l  p r e s s u r e - t i m e  r e s p o n s e  fo r  
a h y d r o g e n  gas  f low r a t e  of 3 .6  x 10-2 t o r r - ~ / s e c  is  shown in  Fig.  3. In 
t h i s  c a s e ,  the  t i t a n i u m  was d e p o s i t e d  at 1 9 5 ~ ,  and the  data  w e r e  t a k e n  
whi le  the c h a m b e r  was  i m m e r s e d  in a 195~K bath.  The  p r e s s u r e  r e s p o n s e  
that  would  r e s u l t  if no t i t a n i u m  w e r e  p r e s e n t  is  shown in F ig .  3 as  a 
d a s h e d  l ine .  The  p r e s e n c e  of t i t a n i u m  a d s o r p t i o n  m a i n t a i n s  a c h a m b e r  
p r e s s u r e  in the 10 -6 t o r r  r e g i o n  (in th i s  case)  fo r  about 3 ,000  sec .  How- 
e v e r ,  un l ike  the  r e s p o n s e  of a conven t iona l  d i f fus ion  pump to a cons tan t  
t h roughpu t ,  no e q u i l i b r i u m  p r e s s u r e  is  ob t a ined  f r o m  t i t a n i u m  a d s o r p -  
t ion.  In s t ead ,  the p r e s s u r e  f i r s t  r i s e s  as if it w e r e  going  to a p p r o a c h  
a s y m p t o t i c a l l y  an e q u i l i b r i u m  p r e s s u r e  but t h e n  p r o c e e d s  to i n c r e a s e  
e x p o n e n t i a l l y .  T h i s  e n s u i n g  p r e s s u r e  r i s e  is i n d e e d  exponen t i a l ,  as  
d e m o n s t r a t e d  in Fig.  4, w h e r e  the s a m e  da ta  a r e  shown  on a s e m i l o g a r i t h -  
m i c  s c a l e .  When the  e x p e r i m e n t  is a r r a n g e d  so that  the  p r e s s u r e  in the  
e x p o n en t i a l  r e g i o n  r i s e s  f a s t e r  than  shown in Fig .  4, the  a l m o s t  h o r i z o n t a l  
r e g i o n  in Fig .  4 d i s a p p e a r s  as shown  in F ig .  5. It can be s e e n  in Fig .  5 
that  the  exponen t i a l  p r e s s u r e  i n c r e a s e  ex t ends  t h r o u g h  t h r e e  d e c a d e s  of 
p r e s s u r e .  A l s o  of i n t e r e s t  in Fig .  5, and r e p r e s e n t a t i v e  of the  typ ica l  
p r e s s u r e - t i m e  r e s p o n s e ,  is  the  r e t u r n  of the  c h a m b e r  p r e s s u r e  a f t e r  gas  
f low t e r m i n a t i o n  to the  in i t i a l  c h a m b e r  p r e s s u r e .  Th i s  p a r t i c u l a r  b e h a v i o r  
is  not  t yp i ca l  of g e n e r a l  a d s o r p t i o n  p h e n o m e n a  b e c a u s e  of a d s o r p t i o n  i s o -  
t h e r m s  and thus  i n f l u e n c e s  the  i n t e r p r e t a t i o n  of the  a d s o r p t i o n  m e c h a n i s m  
d i s c u s s e d  l a t e r .  

4.1 EXPONENTIAL DECAY CONSTANT 

In t e r m s  of pumping  speed ,  that  is ,  r a t e  of a d s o r p t i o n ,  the typ ica l  
p r e s s u r e  r e s p o n s e  shown in F igs .  4 and 5 is  that  of an in i t i a l  m a x i m u m  
pumping  s p e e d  which  p r o c e e d s  to decay  e x p o n e n t i a l l y  as the  a d s o r p t i o n  
p r o c e s s  con t i nues .  Thus ,  in o r d e r  to  c o m p l e t e  the  f i r s t  ob j ec t i ve  of th i s  
s tudy (to o b s e r v e  the b e h a v i o r  of r a t e  of a d s o r p t i o n  as the  f i l m  t e m p e r a -  
t u r e  and d e p o s i t i o n  cond i t ions  a r e  v a r i e d ) ,  it  is  n e c e s s a r y  to  o b s e r v e  both 
the  in i t i a l  pumping  s p e e d  and the t i m e  cons t an t  of the  exponen t i a l  d e c a y  of 
pumping  speed .  



AEDC-TR-65-113 

The  d e c a y  of the pumpin g  s p e e d ,  S, f r o m  an in i t i a l  va lue ,  So, c a n  be  
e m p i r i c a l l y  r e p r e s e n t e d  by 

_ t _ -  

s = So e (3) 

where /~ is defined to be the time constant in units of seconds. The 
reciprocal of the exponential term of Eq. (3) is, of course, the term 
which leads to the exponential pressure rise in Figs. 4 and 5. Thus the 
value of B can be determined directly from plots such as Figs. 4 and 5. 

4.2 STICKING FRACTION 

The  s t i c k i n g  f r a c t i o n  a s s o c i a t e d  wi th  a p u m p i n g  s u r f a c e  is d e f i n e d  
as  the  f r a c t i o n  of m o l e c u l e s  i m p i n g i n g  on the  s u r f a c e  p e r  uni t  t i m e  tha t  
p e r m a n e n t l y  a d h e r e  to  the  s u r f a c e .  If c~ d e n o t e s  the  s t i c k i n g  f r a c t i o n ,  
and  the  p u m p i n g  s p e e d  a s s o c i a t e d  wi th  a p u m p i n g  s u r f a c e  of a r e a  A is  
aga in  deno t ed  by S, t hen  it fo l lows  f r o m  the  d e f i n i t i o n  of ~ tha t  

, . . - _  

where the radical term is the Knudsen expression (in volumetric units) 
for the rate of gas impingement per unit area per unit time. Tn Eq. (4), 
R is the universal gas constant, T is the gas temperature, and M is the 
molecular mass of the gas species. 

In a c h a m b e r  to w h i c h  a c o n s t a n t  ga s  t h r o u g h p u t ,  Q, is  i n t r o d u c e d  
wh i l e  gas  is be ing  p u m p e d  out by a d e v i c e  wi th  an a s s o c i a t e d  c o n s t a n t  
v o l u m e t r i c  p u m p i n g  s p e e d ,  S, the  r e s u l t  i s  f o r  the  c h a m b e r  p r e s s u r e  to 
i n c r e a s e  up to a p a r t i c u l a r  p r e s s u r e  v a l u e  and t hen  r e m a i n  at  th i s  e q u i l i b -  
r i u m  p r e s s u r e  fo r  the  d u r a t i o n  of g a s  f low.  If Pe  d e n o t e s  the  r e s u l t i n g  
e q u i l i b r i u m  p r e s s u r e  and Po  d e n o t e s  the  i n i t i a l  c h a m b e r  p r e s s u r e ,  t hen  
it fo l lows  f r o m  c o n s e r v a t i o n  of m a s s  tha t  

Q = S (Pe - Po) {5) 

Usually, to f a c i l i t a t e  m e a s u r e m e n t s ,  Q is m a d e  to be of s u c h  a s i z e  for  
any p a r t i c u l a r  v a l u e  of S tha t  Po  is  n e g l i g i b l e  r e l a t i v e  to the r e s u l t i n g  
v a l u e  fo r  Pe .  In th i s  c a s e  it is  p o s s i b l e  to e x p r e s s  S as  

s = o (6 )  
Pe 

In the  c a s e  of t i t a n i u m  a d s o r p t i o n  of h y d r o g e n  gas ,  no s u c h  e q u i l i b -  
r i u m  p r e s s u r e  e x i s t s .  H o w e v e r ,  the  e q u i l i b r i u m  p r e s s u r e  to w h i c h  the  
c h a m b e r  a p p r o a c h e s  b e f o r e  the p r e s s u r e  p r o c e e d s  to i n c r e a s e  e x p o n e n -  
t i a l l y  is  a p p a r e n t  f r o m  the  i n f l e c t i o n  s u f f e r e d  by the  p r e s s u r e - t i m e  

5 
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curve .  Thus ,  u s ing  the  i n f l ec t i on  point  p r e s s u r e  r a t h e r  than  an e q u i l i b -  
r i u m  p r e s s u r e ,  it is p o s s i b l e  to de f ine  the  in i t i a l  pumping  speed ,  So. 
If P1 i s  u s e d  to deno te  the i n f l ec t i on  point  p r e s s u r e ,  t h e n  

So= 0 
P, (7) 

The in i t i a l  s t i c k i n g  f r ac t i on ,  ~, wh ich  wi l l  be r e f e r r e d  to as jus t  the  
s t i c k i n g  f r a c t i o n  fo r  the ' r e m a i n d e r  of th i s  r e p o r t ,  is  t hen  de f i ned  by 

 g+M = .  A 181 P, 

Equat ion (8) expresses a ra the r  ideal s i tuat ion where P1 is un i fo rm 
t h r o u g h o u t  the  v a c u u m  c h a m b e r .  In any r e a l  c h a m b e r ,  t h i s  cond i t ion  
can n e v e r  be exac t l y  a c h i e v e d .  As can be s e e n  in Fig .  1, the  c h a m b e r  
g e o m e t r y  u s e d  h e r e  can con t r i bu t e  to a p r e s s u r e  g r a d i e n t  down the  
c h a m b e r  s i n c e  gas  is  i n t r o d u c e d  at one end  and is  con t inuous ly  a d s o r b e d  
as it p a s s e s  down the c h a m b e r .  What is n e e d e d ,  t h e r e f o r e ,  is  a m e t h o d  
of d e t e r m i n i n g  the  p r e s s u r e  g r a d i e n t  and i ts  i n f luence  on the  m e a s u r e d  
va lue  of P1. 

One m e t h o d  is to t r e a t  th i s  p r o b l e m  in a m a n n e r  s i m i l a r  to tha t  u s e d  
fo r  c o n d u c t a n c e  p r o b l e m s .  The  c h a m b e r  is f i r s t  c o n s i d e r e d  to be a long  
c i r c u l a r  p ipe  to obta in  the  p r e s s u r e  g r a d i e n t  a t t r i b u t a b l e  to conduc t ance  
only.  T h i s  g r a d i e n t  is  t hen  m o d i f i e d  by the  i n f l uence  of a d s o r p t i o n  at 
the  c h a m b e r  wal l .  Next ,  the  end  e f f ec t s  c a u s e d  by a d s o r p t i o n  and r e f l e c -  
t ion  at the  c h a m b e r  ends  a r e  inc luded .  F r o m  th i s ,  it  is p o s s i b l e  to e x p r e s s  
the  p r e s s u r e  g r a d i e n t  down the  c h a m b e r  as a func t ion  of the  c h a m b e r  
d i a m e t e r  and the  s t i c k i n g  f r a c t i o n .  H o w e v e r ,  the  g r a d i e n t  i t s e l f  is  not  the  
m a i n  i n t e r e s t ,  and thus  the  g r a d i e n t  e x p r e s s i o n  is  s o l v e d  for  the  s p e c i f i c  
l eng th  of th i s  c h a m b e r .  T h i s  i n t r o d u c e s  the a d m i t t e d  th roughpu t ,  Q, and 
m e a s u r e d  p r e s s u r e ,  P1, as b o u n d a r y  cond i t i ons .  In a m a n n e r  ana logous  
to Eq. (8), the  r a t i o  of Q to P1 is e x p r e s s e d  as a func t ion  of al l  o t h e r  v a r i -  
a m e s .  The  c o m p l e t e  d e r i v a t i o n  of th i s  e x p r e s s i o n  is g iven  in the  Apperidix.  
The  r e s u l t i n g  e x p r e s s i o n  is  

P, 4 1+ Y e (1+ ~_~3~) 

E - 

e -2n  D L 2n 1 

v )=oj (9) 

w h e r e  ¢z i s  the  s t i c k i n g  f r a c t i o n ,  D is  the  c h a m b e r  d i a m e t e r ,  and L is 
the  c h a m b e r  l eng th .  

6 
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N o r m a l l y ,  r a r e f i e d  gas  d y n a m i c s  e x p r e s s i o n s  a r e  kept  in the  v o l u m e t -  
r i c  s y s t e m  in o r d e r  to have  a m i n i m u m  of p r e s s u r e  d e p e n d e n t  t e r m s .  In 
the c a s e  of Eqs .  (8) and (9), the p r o b l e m  is  not one of p r e s s u r e  d e p e n d e n c e  
but t e m p e r a t u r e  d ~ p e n d e n c e .  In o r d e r  to plot the two e q u a t i o n s ,  Q was  
t r a n s f e r r e d  f r o m  t o r r - ~ / s e c  to n u m b e r  of m o l e c u l e s  p e r  s e c o n d ,  and  P1 
was  t r a n s f e r r e d  f r o m  t o r r  to n u m b e r  of m o l e c u l e s  p e r  s e c o n d  p e r  s q u a r e  
inch  w h i c h  i m p i n g e  on a s u r f a c e  at P1. T h u s ,  P 1 / Q  was  t r a n s f e r r e d  f r o m  
( ~ / s e c )  -1 to (in. 2)-1.  P lo t s  of both E q s .  (8) and (9) a r e  shown in F ig .  6 
fo r  the r a n g e  of ~ f r o m  0 .01  to 1. T h e s e  s a m e  two c u r v e s  a r e  r e p e a t e d  
in F ig .  7 s l i g h t l y  m o r e  m a g n i f i e d  fo r  the  r a n g e  of ~ f r o m  0 .1  to 1. A 
s k e t c h  of the c o m p l e t e  b e h a v i o r  of both e q u a t i o n s  showing  two c r o s s - o v e r  
poin ts  is  g i v e n  in F ig .  15d. 

D e s p i t e  the n e c e s s a r y  a s s u m p t i o n s  u s e d  to d e r i v e  Eq.  (9), th i s  e q u a -  
t ion  is  b e l i e v e d  to be a m o r e  a c c u r a t e  r e p r e s e n t a t i o n  of the d e p e n d e n c e  of 
the r a t i o  Q / P 1  on a f o r  th i s  p a r t i c u l a r  c h a m b e r  b e c a u s e  it c o n s i d e r s  the  
a c t u a l  s i t ua t i on .  The  i d e a l i z e d  Eq.  (8), on the  o t h e r  hand,  i s  obv ious ly  
m u c h  s i m p l e r  to e v a l u a t e .  F o r t u n a t e l y ,  m o s t  of the  da ta  o c c u r s  n e a r  the  
s e c o n d  c r o s s - o v e r  point  of the  two c u r v e s .  T h e  v a l u e s  of s t i c k i n g  f r a c t i o n  
fo r  wh ich  the  d i f f e r e n c e  in e v a l u a t i o n  b e t w e e n  E q s .  (8) and (9) is  s i g n i f i c a n t  
a r e  g i v e n  in to  T a b l e s  I and II w h e r e  both  v a l u e s  a r e  g iven .  

SECTION V 
RESULTS 

The  v a r i a t i o n  of s t i c k i n g  f r a c t i o n  f o r  r u n  t e m p e r a t u r e s  of 77, 195, 
and  273~K is  s h o w n  in  F ig .  8. E a c h  da t a  point  in  F ig .  8 was  t a k e n  f r o m  a 
s e p a r a t e  p r e s s u r e - t i m e  r e s p o n s e ,  s u c h  as  s h o w n  in F ig .  3. In e a c h  c a s e ,  
80 in. of 2 0 - m i l  t i t a n i u m  w i r e  was  e v a p o r a t e d  and a s s u m e d  to f o r m  a un i -  
f o r m  f i l m  o v e r  the  e n t i r e  i n n e r  s u r f a c e  of the  v a c u u m  c h a m b e r .  T h r e e  
t i t a n i u m  d e p o s i t  t e m p e r a t u r e s  w e r e  u s e d  as  i n d i c a t e d  in F ig .  8, and  h y d r o -  
gen  gas  was  a d m i t t e d  to the c h a m b e r  at the  r a t e  of 7 .24  x 10-2 a t m - c c / s e c  
fo r  a l l  t h r e e  r u n s .  The  s t i c k i n g  f r a c t i o n  was  d e t e r m i n e d  f r o m  Eq.  (8) u s i n g  
( a f t e r  c o r r e c t i n g  f o r  t h e r m a l  t r a n s p i r a t i o n )  the  i n f l ec t i on  point  p r e s s u r e  as  
d i s c u s s e d  in S e c t i o n  4 . 2 .  The  d a s h e d  l i n e s  in F ig .  8 a r e  not  i n t e n d e d  to 
r e p r e s e n t  the  f u n c t i o n a l  d e p e n d e n c e  of s t i c k i n g  f r a c t i o n  on r u n  t e m p e r a -  
t u r e  but  s e r v e  i n s t e a d  to e m p h a s i z e  the  t r e n d  of the  data .  

It can  be  s e e n  in  F ig .  8 tha t ,  f o r  a l l  t h r e e  d e p o s i t  t e m p e r a t u r e s ,  the  
s t i c k i n g  f r a c t i o n  d e c r e a s e s  as  the  r u n  t e m p e r a t u r e  i n c r e a s e s ,  but  the  r a t e  
of d e c r e a s e  i t s e l f  d e c r e a s e s  as  the  depos i t  t e m p e r a t u r e  i n c r e a s e s .  T h u s ,  
the  t h r e e  t r e n d  l i n e s  c r o s s .  T h i s  s u g g e s t s  tha t  s o m e  p a r t i c u l a r  r u n  t e m -  
p e r a t u r e  e x i s t s  s u c h  tha t  fo r  r u n  t e m p e r a t u r e s  above  th i s  v a l u e  the  s t i c k i n g  
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f r a c t i o n  i n c r e a s e s  with  i n c r e a s i n g  d e p o s i t  t e m p e r a t u r e ,  and be low th i s  
r u n  t e m p e r a t u r e  the  s t i c k i n g  f r a c t i o n  d e c r e a s e s  with  i n c r e a s i n g  d e p o s i t  
t e m p e r a t u r e .  

F i g u r e  9 s h o w s  the  s a m e  da ta  p r e s e n t e d  in F ig .  8 e x c e p t  tha t  the  
s t i c k i n g  f r a c t i o n  is  p lo t t ed  as  a func t ion  of depos i t  t e m p e r a t u r e  f o r  e a c h  
of the  t h r e e  r u n  t e m p e r a t u r e s .  Once  aga in ,  d a s h e d  l i n e s  a r e  u s e d  to 
r e p r e s e n t  the  t r e n d s  of the data .  It can  c l e a r l y  be s e e n  in F ig .  9 tha t  
the  a b o v e - m e n t i o n e d  p a r t i c u l a r  r u n  t e m p e r a t u r e  o c c u r s  in the  n e i g h b o r -  
hood of 195°K. 

V a r i a t i o n s  of e x p o n e n t i a l  d e c a y  cons t an t  (de f ined  in S e c t i o n  4 .1 )  
wi th  both  r u n  t e m p e r a t u r e  and d e p o s i t  t e m p e r a t u r e  a r e  shown  in F ig .  10. 
In e a c h  c a s e ,  the  v a l u e  of ~ was  t a k e n  f r o m  e x p e r i m e n t s  in w h i c h  80 in. 
of 20 - r a i l  t i t a n i u m  w i r e  was  e v a p o r a t e d  and h y d r o g e n  gas  a d m i t t e d  at the  
r a t e  of 7 .24  x 10-2 a t m - c c / s e c .  At th i s  f low r a t e ,  it w a s  not  p o s s i b l e  to 
ob ta in  da t a  f o r  a r u n  t e m p e r a t u r e  of 77°K. It can  be s e e n  in F i g s .  10a 
and b tha t  the  da t a  t r e n d s  t o w a r d  s m a l l e r  v a l u e s  f o r  the  r e c i p r o c a l  of 
as  the  r u n  t e m p e r a t u r e  i n c r e a s e s .  A s m a l l e r  v a l u e  f o r  the  r e c i p r o c a l  of 

m e a n s  tha t  the  p r e s s u r e - t i m e  r e s p o n s e  t a k e s  l o n g e r  to i n c r e a s e  t h r o u g h  
any g i v e n  i n c r e m e n t  of p r e s s u r e  above  the i n f l e c t i o n  point  p r e s s u r e .  

T h u s ,  the  g e n e r a l  r e s u l t s  p r e s e n t e d  in F i g s .  8, 9, and 10 a r e  tha t  
the h i g h e s t  i n i t i a l  s t i c k i n g  f r a c t i o n s  a r e  o b t a i n e d  at the  l o w e r  r u n  t e m p e r a -  
t u r e s ,  but the  l o n g e r  p e r i o d s  of v a c u u m  m a i n t e n a n c e  a r e  o b t a i n e d  at the  
h i g h e r  r u n  t e m p e r a t u r e s .  

The  v a r i a t i o n  of s t i c k i n g  f r a c t i o n  wi th  d e p o s i t  t h i c k n e s s  is g i v e n  in 
F ig .  l l a .  In  th~s s e r i e s  of e x p e r i m e n t s ,  s ix  f i l a m e n t s ,  e a c h  c o n t a i n i n g  
20 in. of 2 0 - r a i l  t i t a n i u m  w i r e ,  w e r e  e v a p o r a t e d .  In th i s  way,  the  f i r s t  
da ta  point  w a s  o b t a i n e d  f r o m  a r u n  u s i n g  a f i l m  t h i c k n e s s  c o r r e s p o n d i n g  
to the  d e p o s i t i o n  of 20 in. of t i t a n i u m  w i r e ,  the s e c o n d  da ta  point  was  ob-  
t a i n e d  f r o m  a r u n  us ing  two f i r s t  f i l m  t h i c k n e s s e s  d e p o s i t e d  s u c c e s s i v e l y  
r a t h e r  t han  s i m u l t a n e o u s l y ,  and the  t h i r d  da t a  point  was  o b t a i n e d  f r o m  a 
r u n  us ing  t h r e ~  f i r s t  f i l m  t h i c k n e s s e s  d e p o s i t e d  s u c c e s s i v e l y .  T h i s  
s e q u e n t i a l  m o d e  of e v a p o r a t i o n  l e s s e n e d  the  p o s s i b i l i t y  of a c h a n g e  in 
d e p o s i t  d e n s i t y  w h i c h  m i g h t  o c c u r  if a l l  the  t i t a n i u m  w e r e  d e p o s i t e d  o v e r  
the s a m e  a r e a  in the  s a m e  t i m e  i n c r e m e n t .  

A s e v e r e  d e c r e a s e  in the  m e a s u r e d  v a l u e  of s t i c k i n g  f r a c t i o n  is d i s -  
c e r n i b l e  in F ig .  l l a .  Tha t  i s ,  the  n o r m a l  v a l u e  fo r  ~ tha t  was  o b t a i n e d  
when  d e p o s i t i n g  at 1 9 5 ~  and  r u n n i n g  at 195°K was  about  0 .1  ( see  F ig .  9), 
w h e r e a s  the  a v e r a g e  v a l u e  in F ig .  l l a  is  s l i g h t l y  l e s s  t han  0 . 0 4 .  The  
r e a s o n  fo r  t h i s  d e c r e a s e  is not  i m m e d i a t e l y  c l e a r .  One p o s s i b l e  e x p l a n a -  
t ion  is tha t  the  s e q u e n t i a l  m o d e  of e v a p o r a t i o n  of s e v e r a l  f i l a m e n t s  r e s u l t e d  
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in an i n c r e a s e  in the  r a t i o  of t u n g s t e n  to t i t a n i u m  in the depos i t ,  thus 
r e d u c i n g  the  e x p o s e d  t i t a n i u m .  D e s p i t e  th i s  unwan ted  ef fec t ,  F ig .  l l a  
i n d i c a t e s  that  the  s t i ck ing  f r a c t i o n  of t i t a n i u m  for  h y d r o g e n  gas  is i n d e -  
penden t  of f i lm. t h i c k n e s s  fo r  the  t h i c k n e s s e s  u s e d  in th i s  s tudy.  

The  v a r i a t i o n  of the r e c i p r o c a l  of the  exponen t i a l  decay  cons t an t  
with d e pos i t  t h i c k n e s s  is g i v e n  in Fig .  l l b .  The  f i r s t  t h r e e  da ta  po in ts  
in F ig .  1 lb  (i. e . ,  20, 40, and 60 in. } w e r e  ob ta ined  f r o m  the  t h r e e  r u n s  
r e p r e s e n t e d  in Fig .  l l a .  C o n s i d e r i n g  t h e s e  t h r e e  points  only,  t h e r e  
a p p e a r s  to  be no s i gn i f i c an t  d e p e n d e n c e  of exponen t i a l  decay  cons t an t  on 
d e p o s i t  thic~.ness.  The  da ta  point  at 80 in. of t i t a n i u m  r e p r e s e n t s  the 
n o r m a l  80- in .  f i l a m e n t  fo r  a depos i t  t e m p e r a t u r e  of 195~K and a r un  t e m -  
p e r a t u r e  of 195~K (see  Fig .  10c, w h e r e  ~-1 _- 10.5 x 10-4 sec -1} ,  and 
the da ta  point  at 100 in. was  t a k e n  f r o m  one of the  p r e l i m i n a r y  r u n s  of th i s  
s tudy at the  s a m e  d e p o s i t  and run  t e m p e r a t u r e s .  The  s t i c k i n g  f r a c t i o n s  
m e a s u r e d  fo r  the  two runs  r e p r e s e n t e d  by t h e s e  l a s t  two da ta  po in ts  w e r e  
both  about  0 .1 .  Thus ,  in t h e s e  c a s e s ,  a change  in s t i ck ing  f r a c t i o n  
o c c u r r e d  wi thout  a change  in e x p o n e n t i a l  decay  c o n s t a n t  whi le  the  run  
t e m p e r a t u r e  and depos i t  t e m p e r a t u r e  w e r e  m a i n t a i n e d  c o n s t a n t  t h r o u g h  
the  s e r i e s  of r u n s .  B e c a u s e  a v a r i a t i o n  in s t i c k i n g  f r a c t i o n  is not  
n e c e s s a r i l y  r e f l e c t e d  in the  e x p o n e n t i a l  decay  cons tan t ,  th i s  i m p l i e s  that  
the  s t i c k i n g  f r a c t i o n  and e x p o n e n t i a l  decay  c o n s t a n t  a r e  f u n d a m e n t a l l y  
i n d e p e n d e n t - - r e l a t e d  p o s s i b l y  only p a r a m e t r i c a l l y  t h r o u g h  such  p a r a m e t e r s  
as t e m p e r a t u r e  and depos i t  d e n s i t y .  

C l a u s i n g  (Ref.  2) s h o w e d  that  a l a r g e  i n c r e a s e  in s t i c k i n g  f r a c t i o n  of 
t i t a n i u m  fo r  h y d r o g e n  and o t h e r  g a s e s  could  be ob ta ined  by d e p o s i t i n g  the  
t i t a n i u m  in an a t m o s p h e r e  of h e l i u m .  In o r d e r  to i n v e s t i g a t e  th i s ,  runs  
w e r e  m a d e  at' 195°K in wh ich  the  depos i t  was  f o r m e d  a l s o  at 195°K but at 
d i f f e r e n t  h e l i u m  p r e s s u r e s .  A flow r a t e  of 7 .24  x 10-2 a t m - c c ] s e c  was  
aga in  u s e d  fo r  e a c h  run,  and Eq.  (8) was  app l i ed  to e a c h  i n f l e c t i o n  point  
p r e s s u r e  to obta in  the  s t i c k i n g  f r a c t i o n .  The  r e s u l t s  of th is  s e r i e s  of 
runs  a r e  shown in F ig .  I2.  

The  p r i n c i p a l  advan t age  of i n c r e a s i n g  the  s t i c k i n g  f r a c t i o n  of 195°K 
t i t a n i u m  by d e p o s i t i n g  in a h e l i u m  a t m o s p h e r e  is  tha t  195°K t i t a n i u m  a l s o  
p o s s e s s e s  a m o d e r a t e l y  low va lue  fo r  the  r e c i p r o c a l  e x p o n e n t i a l  d e c a y  
c o n s t a n t  ( see ,  fo r  e x a m p l e ,  F ig .  10}. Howeve r ,  it is found tha t  the  p r e s -  
s u r e  r e s p o n s e  a t t r i b u t a b l e  to a d s o r p t i o n  by a f i l m  d e p o s i t e d  u n d e r  such  
c o n d i t i o n s  no l o n g e r  exh ib i t s  a pure ,  e x p o n e n t i a l  p r e s s u r e  r i s e .  Th is  is 
d e m o n s t r a t e d  in F ig .  13 w h i c h  shows  the  p r e s s u r e - t i m e  r e s p o n s e  ob ta ined  
f r o m  a d s o r p t i o n  by t i t a n i u m  d e p o s i t e d  at 195°K in a 1.5 x 10 -2 t o r t  a t m o s -  
p h e r e  of h e l i u m .  The  run  t e m p e r a t u r e  was  a l s o  195°K and the  u s u a l  flow 
r a t e  of 7 .24  x 10 -2 a t m - c c ] s e c  of h y d r o g e n  gas  was  a d m i t t e d  to the  c h a m -  
b e r .  The  d a s h e d  l ine  in F ig .  13 is a t r a n s l a t i o n  of the  s t r a i g h t  l ine  in 
F ig .  4 ( s a m e  e x p e r i m e n t a l  condi t ions}  wh ich  d e m o n s t r a t e s  the  d e v i a t i o n  of 
the  r e s p o n s e  in F ig .  13 f r o m  the  e x p e c t e d  pu re  e x p o n e n t i a l  i n c r e a s e  in 
p r e s s u r e .  

9 



AE DC-TR-65-113 

T h e  v a r i a t i o n  of s t i c k i n g  f r a c t i o n  wi th  c h a m b e r  p r e s s u r e  is  shown  in 
F ig .  14. In th i s  c a s e ,  the  t i t a n i u m  was  d e p o s i t e d  at 195°K and the  r u n  
was  m a d e  at 195°K, but the  f low r a t e  of h y d r o g e n  gas  was  p e r i o d i c a l l y  
c h a n g e d  to  ob ta in  a r a n g e  of i n f l e c t i o n  point  p r e s s u r e s  c o r r e s p o n d i n g  to 
the r a n g e  of f low r a t e s .  As can  be s e e n  in any one of the p r e s s u r e - t i m e  
r e s p o n s e s  in th i s  r e p o r t ,  the  t i m e  a v a i l a b l e  fo r  d e t e r m i n i n g  an i n f l e c t i o n  
point  p r e s s u r e  is  r e l a t i v e l y  s h o r t .  T h u s  it was  n e c e s s a r y  in th i s  s e r i e s  
of r u n s  to e v a p o r a t e  a n o t h e r  f i l a m e n t  (80 in. of t i t an ium)  e v e r y  few h u n d r e d  
s e c o n d s  o r  w h e n e v e r  the c h a m b e r  p r e s s u r e  s h o w e d  s i g n s  of beg inn ing  to 
r i s e  e x p o n e n t i a l l y .  To  p r e v e n t  the  c h a m b e r  t e m p e r a t u r e  f r o m  chang ing  
b e c a u s e  of t h e s e  i n - r u n  e v a p o r a t i o n s ,  e a c h  e v a p o r a t i o n  was  a c c o m p l i s h e d  
as  qu i c k ly  as  p o s s i b l e .  

Once  aga in  a s l i gh t  d e c r e a s e  in s t i c k i n g  f r a c t i o n  o c c u r r e d ,  th i s  t i m e  
f r o m  the  u s u a l  v a l u e  of 0 .1  to an a v e r a g e  of 0. 076. The  a s s u m p t i o n  tha t  
t h i s  e f f ec t  is  c a u s e d  by an o v e r - a b u n d a n c e  of t u n g s t e n  in the d e p o s i t  was  
m o r e  a p p a r e n t  in th i s  c a s e  b e c a u s e  th i s  p r o c e s s  of r a p i d  e v a p o r a t i o n  
r e s u l t e d  in an i n c r e a s e  in the  a m o u n t  of t u n g s t e n  e v a p o r a t e d  p e r  f i l a m e n t .  
T h i s  was  d e t e r m i n e d  f r o m  o b s e r v a t i o n  of b u r n e d  f i l a m e n t s  at  the  c o n -  
c l u s i o n  of t h i s  e x p e r i m e n t .  H o w e v e r ,  t h i s  add i t i ona l  m a s k i n g  was  m a i n -  
t a i n e d  f a i r l y  u n i f o r m l y  t h r o u g h o u t  the  s e r i e s  of m e a s u r e m e n t s .  As can  
be s e e n  in  F ig .  14, t h e r e  is  no i n d i c a t i o n  of a d e p e n d e n c e  of s t i c k i n g  
f r a c t i o n  on c h a m b e r  (hyd rogen )  p r e s s u r e  f o r  a r a n g e  e x t e n d i n g  f r o m  
4 x 10-7 t o r r  to 1 .35  x 10-5 t o r r .  

SECTION Vl 
DISCUSSION 

In a t t e m p t i n g  to a s c e r t a i n  a m e c h a n i s m  of a d s o r p t i o n  c o m p a t i b l e  wi th  
the  r e s u l t s  of t h e s e  e x p e r i m e n t s ,  it  b e c o m e s  a p p a r e n t  tha t  m o r e  t han  one 
m e c h a n i s m  is  s u g g e s t e d .  The  r e s u l t s  ob t a ined  in th i s  s tudy ,  p lus  the 
r e s u l t s  o b t a i n e d  by o t h e r  i n v e s t i g a t o r s ,  s u g g e s t  that  the  h y d r o g e n  m o l e -  
c u l e s  a r e  i n i t i a l l y  a t t r a c t e d  to the  t i t a n i u m  s u r f a c e  by a d s o r p t i o n  f o r c e s  
w h e r e  t hey  a r e  d i s s o c i a t e d  into  a t o m s  and c o n t a i n e d  on the  s u r f a c e  f o r  a 
t i m e ,  , ,  a f t e r  w h i c h  the  a t o m s  d i f fuse  into  the  t i t a n i u m .  E a c h  a t o m  tha t  
d i f f u s e s  into  the  t i t a n i u m  r e - o p e n s  a s i t e  fo r  s u r f a c e  a d s o r p t i o n .  T h u s ,  
the  i n i t i a l  s t i c k i n g  f r a c t i o n ,  ~, is  d e t e r m i n e d  by the  r a t e  of a d s o r p t i o n ,  
but the  e n s u i n g  d e c a y  in  pumping  s p e e d ,  as  e x p r e s s e d  by Eq.  (3), i s  
c o n t r o l l e d  by a d e c a y  in r a t e  of d i f fus ion .  

T h e r e  a r e  two r e a s o n s  fo r  p r o p o s i n g  d i f fus ion  as  pa r t  of the to ta l  
m e c h a n i s m .  F i r s t ,  h y d r o g e n  is  known  to r e a d i l y  d i f fuse  in to  s o m e  
m e t a l s  ( s ee ,  fo r  e x a m p l e ,  1Ref. 4). But s e c o n d  and m o r e  i m p o r t a n t ,  the  

10 
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a b s e n c e  of an a d s o r p t i o n  i s o t h e r m  (Ref. 5) as i n d i c a t e d  by no a p p a r e n t  
change  in c h a m b e r  base  p r e s s u r e  a f t e r  an e x t e n d e d  p e r i o d  of a d s o r p t i o n  
( see  Fig.  5 ) c a n  be e x p l a i n e d  only in t e r m s  of a m e c h a n i s m  such  as dif-  
fus ion  w h e r e b y  a t o m s  a r e  r e m o v e d  f r o m  the a d s o r b e n t  s u r f a c e .  

6.1 INDICATED TYPE OF ADSORPTION 

It wil l  be s u g g e s t e d  h e r e  that  the r e s u l t s  of t h e s e  e x p e r i m e n t s  ind i -  
ca te  p h y s i c a l  a d s o r p t i o n .  P h y s i c a l  a d s o r p t i o n  is  a p r o c e s s  in which  the  
a d s o r b e d  m o l e c u l e s  a r e  bound to the  a d s o r b e n t  s u r f a c e  by Van d e r  Waal  
type  f o r c e s  as opposed  to c h e m i s o r p t i o n  in which  the  s u r f a c e  bonds  a r e  
s i m i l a r  to c h e m i c a l  f o r c e s .  The  a r g u m e n t  for  phys i ca l  a d s o r p t i o n  is 
t a k e n  f r o m  the  m e a s u r e d  va lue  of ac t i va t i on  e n e r g y  and the  t e m p e r a t u r e  
d e p e n d e n c e  of the  r a t e  of ad so rp t i on .  

As i n d i c a t e d  in F ig .  14, the  v o l u m e t r i c  r a t e  of a d s o r p t i o n  is  i n d e -  
penden t  of p r e s s u r e .  Th i s  m e a n s  that  the  r a t e  at which  m o l e c u l e s  a r e  
a d s o r b e d  is d i r e c t l y  p r o p o r t i o n a l  to p r e s s u r e .  It is d e s i r a b l e  in th is  
d i s c u s s i o n  to r e p l a c e  p r e s s u r e  with i ts  e q u i v a l e n t  in n u m b e r  of m o l e c u l e s  
in the  c h a m b e r .  Thus  the  above s t a t e m e n t  can be e x p r e s s e d  as 

dn) 
w h e r e  (~-  ad d e n o t e s  the  r a t e  of a d s o r p t i o n  of m o l e c u l e s  and n deno t e s  

the  n u m b e r  of m o l e c u l e s  in the  c h a m b e r .  The  cons tan t ,  k, in Eq. (10) 
is known as the r a t e  cons tan t .  I n s e r t i n g  the  idea l  gas  law into Eq. (10) 
y i e l d s  

k = s (Ii) 
V 

w h e r e  S is  the  v o l u m e t r i c  pumping  s p e e d  and V is  the c h a m b e r  v o l u m e .  

T h e  r a t e  cons tan t  is  r e l a t e d  to the  a p p a r e n t  (in th i s  c a se ,  the  m e a s -  
u r ed )  ac t i va t i on  e n e r g y  by the  w e l l - k n o w n  A r r h e n i u s  equa t ion  ( see  for  
e x a m p l e  Ref.  6, page 546), 

E° 
A -s--Y (12) 

k = A  e 

w h e r e  Ea  is the  a p p a r e n t  a c t i va t i on  e n e r g y  as de f i ned  below,.  R is  the  
u n i v e r s a l  gas  cons tan t ,  T is the  abso lu te  t e m p e r a t u r e ,  and ~ is a con-  
s tan t  g e n e r a l l y  d e s i g n a t e d  as the f r e q u e n c y  f ac to r .  The  a p p a r e n t  a c t i v a -  
t ion  e n e r g y  is  ac tua l ly  the  d i f f e r e n c e  b e t w e e n  the t r u e  ac t i va t i on  e n e r g y  
and the  hea t  of a d s o r p t i o n .  Tha t  is ,  

Ea = E - H ( 1 3 )  

11 
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w h e r e  E is  the  t r u e  a c t i v a t i o n  e n e r g y  and H is  the  hea t  of a d s o r p t i o n .  
( F o r  a c o m p l e t e  d i s c u s s i o n  of th is  point,  s e e  page 546 of Ref.  7). 

Now, inserting Eqs. (ii) and (13) in Eq. (12) gives 
E--H ^ - R---V- 

_s = A e (14) 
V 

$1 
Using data from Fig. (8), i.e., $2 2.24, T 1 77°K and T2 273~K, the 

calculated value for I - H I is 170 cal/mole. The values of I E - HI 
that can be determined from the rest of the data from Fig. 8 range about 
the same order of magnitude. Thus the indicated value for E is nearly 
the same as for H. Values of H for titanium adsorption of hydrogen have 
not been measured. However, using the assumption that physical adsorp- 
tion is indicated by low values for the apparent activation energy (i. e., 
low as compared to 104 to 105 cal/mole, page 463 Ref. 7), then the above 
calculation indicates that physical adsorption controls the initial phase of 
the adsorption process. 

P r o b a b l y  the  m o s t  d e c i s i v e  i nd i ca t i on  of phys i ca l  a d s o r p t i o n  is the  
m e a s u r e d  d e c r e a s e  in r a t e  of a d s o r p t i o n  wi th  an i n c r e a s e  in f i l m  t e m p e r a -  
t u r e  ( s ee  Fig.  9). Th i s  is  opposed  to the  b e h a v i o r  a s s o c i a t e d  wi th  s u r f a c e  
c h e m i s o r p t i o n  in wh ich  the  r a t e  of a d s o r p t i o n  i n c r e a s e s  with an i n c r e a s e  
in f i l m  t e m p e r a t u r e  (Ref. 5). 

6.2 DIFFUSION 

The long sustained periods of adsorption such as shown in Figs. 3 and 
5 indicate that either very thick multi-layers of hydrogen build up on the 
film surface or the adsorbed atoms diffuse on into the titanium film. The 
hypothesis presented here is that diffusion does occur; and from this hypoth- 
esis, it will be shown that the expected pressure-time behavior caused by 
diffusion agrees with the measured behavior. Physically adsorbed atoms, 
incidentally, would be more likely to yield to diffusion than would more 
tightly bound chemisorbed atoms. 

The proposed mechanism, then, is that hydrogen molecules strike the 
titanium surface where they have a probability, ~, of remaining attached 
to the titanium surface. The attached molecules dissociate (Refs. 8 and 9) 
and remain on the titanium surface as adsorbed atoms for an average time, 
r, after which they begin to diffuse into the titanium lattice structure. It 
is important to note that r, in this case, is not the usual residence time 
associated with gas molecule-surface interactions but is instead a time of 
delay between adsorption and diffusion. In the following development of the 
result of diffusion on the pumping speed of the titanium film, it has been 
assumed that r is greater than the time required to form a monolayer. 

12 
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/ d n \  , The  r a t e  at which  h y d r o g e n  d i f fuses  in to  a m e t a l ,  ~ ' ~ ' ) D i f  is  e x p r e s s e d  

by ( see  page  179 of Ref. 10) 

Dif (15) 

w h e r e  k is  the  r a t e  cons tan t ,  8 is  the f r a c t i o n  of the  t i t a n i u m  s u r f a c e  cov -  
e r e d  by h y d r o g e n  a t o m s ,  C H is the  c o n c e n t r a t i o n  of h y d r o g e n  j u s t  i n s i d e  
the  m e t a l ,  and CS is the c o n c e n t r a t i o n  of h y d r o g e n  i n s i d e  the  t i t a n i u m  when  
s a t u r a t e d .  

The  v a l u e s  fo r  C H a n d  C S can be e x p r e s s e d  as 
t 

OH= f(d ) 
o D i f  

dl i  

And, as  p r e v i o u s l y  s t a t ed ,  the  va lue  of O is uni ty .  
is  ob t a ined  f r o m  Eq.  (15): 

/dan'~ du 

' d t ' ] D i f  -- - K (--~)Di' 

w h e r e  

(i6) 

(17) 

T h e r e f o r e ,  the  fo l lowing  

(18) 

Solving  Eq.  ( 1 8 )  g i v e s  

K ___ 
o f  / - ~ / . i  t dt (19) 

(_~_) --Irt 
dn ffi Ca e (20) 

Di! 

w h e r e  C1 is  a c o n s t a n t  of i n t e g r a t i o n .  

if N d e n o t e s  the  to ta l  n u m b e r  of a d s o r p t i o n  s i t e s  on the  t i t a n i u m  N o w ,  

s u r f a c e  and ~ d e n o t e s  the  a r e a  of a s i t e ,  de f i ned  such  tha t  the  t i t a n i u m  
s u r f a c e  a r e a ,  Ao, is g i v e n  by 

• Ao (21) 

t hen  the  r a t e  of change  of a r e a  a v a i l a b l e  fo r  a d s o r p t i o n  is g i v e n  by 

("~')D --Kt = dr a -- aC, e ( 2 2 )  
dt if 

which  when  i n t e g r a t e d  and c o n s t r a i n e d  by the bounda ry  cond i t ions  that  
A = 0 a t t  = ® a n d A  = A o a t t  = 0, r e d u c e s  to 

A ffi Ao e - K t  ( 2 3 )  

13 
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l~e fe r r ing  now to Eq. (4), it fo l lows  that  

2 ~ M  - l t  - l t  S = a A o  e = S o  e (24) 

Thus ,  the  b e h a v i o r  p r e d i c t e d  by d i f fus ion  s a t i s f i e s  the  e m p i r i c a l  Eq. (3). 

T h e  i n f l uence  of a d e c a y i n g  d i f fus ion  r a t e  on the  p r e s s u r e - t i m e  
r e s p o n s e  can be d e t e r m i n e d  d i r e c t l y  f r o m  Eq. (5). That  is ,  

O = s ( e  - Po) ( 25 )  

F r o m  th is  e q u a t i o n  it fo l lows  tha t  

K (t-~r) 
Q e '+ Po (26) P = s--~- 

w h e r e  the t i m e  is now e x p r e s s e d  by (t - r) to a c k n o w l e d g e  the  d i f f e r e n c e  
b e t w e e n  i n i t i a t i o n  of gas  f low at t = 0 and in i t i a t i on  of d i f fus ion  at t = r. 
As a n a t u r a l  c o n s e q u e n c e  of hav ing  n e g l e c t e d  the  t r a n s i e n t  b e h a v i o r  of 
d i f fus ion ,  it is  now n e c e s s a r y  to de f ine  

t - r = 0 for t < r ( 2 7 )  

A more complete vers ion of Eq. (26) can be obtained by observing the t ime 
d e p e n d e n c e  r e s u l t i n g  f r o m  a d s o r p t i o n  only.  T h i s  can be ob ta ined  qu i te  
s i m p l y  by n e g l e c t i n g  d i f fus ion  for  the  m o m e n t  and equa t ing  the r a t e  of 
a p p e a r a n c e  of m a s s  into the  c h a m b e r  to the  d i f f e r e n c e  b e t w e e n  the  r a t e  of 
gas  f low and the  r a t e  of a d s o r p t i o n .  

Tha t  i s ,  

V de -_ Q _ So  ( P  - P o )  d-T (28) 

I n t e g r a t i n g  Eq.  (28) g i v e s  ( o )  
V t 

1 - e + P o  ( 2 9 )  Pffi $o 

C o m b i n i n g  Eqs .  (29) and (26) g i v e s  

e = Q ~ -~-~ Kc,-~ ( 3 0 )  s--~ - e + Pc 

which  by o b s e r v a t i o n  e x p r e s s e s  p r e s s u r e - t i m e  b e h a v i o r s  such  as F i g s .  3, 
4, and 5 qu i te  wel l .  Thus  by h y p o t h e s i z i n g  d i f fus ion ,  the  c o r r e c t  p r e s s u r e -  
t i m e  r e s p o n s e  can  be d e r i v e d .  

6.3  E X P O N E N T I A L  D E C A Y  C O N S T A N T  

By c o m p a r i n g  Eqs .  (3) and (24), it can be s e e n  that  K is the  r e c i p r o c a l  
of the  e x p onen t i a l  d e c a y  t i m e  cons tan t .  Thus ,  Fig .  10 can be thought  of as 
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plo ts  of the  v a r i a t i o n  of K wi th  run  t e m p e r a t u r e  and depos i t  t e m p e r a t u r e .  
The  phys i ca l  i n t e r p r e t a t i o n  of K is g i v e n  by Eq.  (19). The  i n t e g r a l  t e r m  
of Eq. ( lg)  is  ac tua l ly  no th ing  m o r e  than  the  so lub i l i t y  of h y d r o g e n  in 
t i t an ium.  Thus  

K = rate c o n s t a n t  
s o l u b i l i t y  (3 i) 

and, as can be s e e n  in Fig .  10, th i s  r a t i o  d e c r e a s e s  with i n c r e a s i n g  run  
t e m p e r a t u r e .  The  r e a s o n  fo r  a d e c r e a s e  in K with run  t e m p e r a t u r e  is 
b e l i e v e d  to be the  r e s u l t  of i n c r e a s i n g  so lub i l i t y  of h y d r o g e n  in t i t a n i u m  
with i n c r e a s i n g  t i t a n i u m  t e m p e r a t u r e .  Unfo r tuna t e ly ,  da ta  t a k e n  on the 
so lub i l i t y  of h y d r o g e n  in t i t a n i u m  (page 538, Ref.  11) shows  tha t  fo r  
T > 300~K, the  so lub i l i t y  d e c r e a s e s  wi th  t e m p e r a t u r e .  T h e r e  is  a good 
pos s ib i l i t y ,  h o w e v e r ,  that  the s o l u b i l i t y  of h y d r o g e n  in  t i t a n i u m  is  a m a x i -  
m u m  at s o m e  t e m p e r a t u r e  n e a r  r o o m  t e m p e r a t u r e  such  that  the  so lub i l i t y  
i n c r e a s e s  with t e m p e r a t u r e  be low r o o m  t e m p e r a t u r e .  Such a b e h a v i o r  
could  accoun t  fo r  the d i f f e r e n c e  in b e h a v i o r  b e t w e e n  low t e m p e r a t u r e  and 
h igh  t e m p e r a t u r e  t i t a n i u m  a d s o r p t i o n  of h y d r o g e n .  Rad ica l  c h a n g e s  in the  
b e h a v i o r  of so lub i l i t y  with t e m p e r a t u r e  a r e  not  u n c o m m o n .  The  so lub i l i t y  
of oxygen  in s i l v e r ,  fo r  e x a m p l e ,  u n d e r g o e s  a m i n i m u m  n e a r  400~K ( see  
page 155, Ref. 8). 

On the  o t h e r  hand,  the i n d i c a t e d  d e c r e a s e  in K wi th  i n c r e a s i n g  depos i t  
t e m p e r a t u r e ,  as shown in F ig .  10, p robab ly  r e s u l t s  f r o m  a d e c r e a s e  in 
r a t e  c o n s t a n t  c a u s e d  by an i n c r e a s e  in t i t a n i u m  dens i ty .  It is  known that  
h i g h e r  s u b s t r a t e  t e m p e r a t u r e s  du r ing  d e p o s i t i o n  y i e l d  s h i n i e r  d e p o s i t s .  
Th i s  i n d i c a t e s  tha t  the  d e p o s i t  s u r f a c e  is  s m o o t h e r  at h i g h e r  d e p o s i t  t e m -  
p e r a t u r e s  which  i m p l i e s  that  the  d e p o s i t e d  a t o m s  have  m o r e  m o b i l i t y  on 
w a r m e r  s u b s t r a t e  s u r f a c e s - - s u f f i c i e n t  m o b i l i t y  to f o r m  a s m o o t h  s u r f a c e  
and thus  a l s o  (poss ib ly)  pack  c l o s e r  t o g e t h e r .  

The  change  c a u s e d  by d e p o s i t i n g  the  t i t a n i u m  in a h e l i u m  a t m o s p h e r e  
is  m o r e  d i f f icul t  to i n t e r p r e t .  It is b e l i e v e d  that  the h e l i u m  a t m o s p h e r e  
c a u s e s  the  t i t a n i u m  to be po rous ,  r e s u l t i n g  in  g r e a t e r  s u r f a c e  a r e a  and 
thus  i n c r e a s i n g  the  r a t e  of a d s o r p t i o n  wh ich  is  m e a s u r e d  as an i n c r e a s e  
in s t i c k i n g  f r a c t i o n  and con t r i bu t i ng  c a p i l l a r y  d i f fus ion  to the  to ta l  p r o c e s s  
of gas  r e m o v a l .  

SECTION VII 
CONCLUSIONS 

It can be c o n c l u d e d  f r o m  th i s  s tudy tha t  fo r  run  and depos i t  t e m p e r a -  
t u r e s  f r o m  77 to 273~K: 
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1. The s t icking f r ac t ion  and exponent ia l  decay constant ,  as 
defined in this  r epo r t ,  comple te ly  speci fy  the p r e s s u r e -  
t ime  r e s p o n s e  obtained by using t i t an ium adsorp t ion  to 
pump a cons tant  r a t e  of flow hydrogen gas load. 

2. The s t ick ing  f r ac t ion  of t i t an ium for  hydrogen  d e c r e a s e s  as 
the run  t e m p e r a t u r e  ( t i tanium f i lm t e m p e r a t u r e )  i n c r e a s e s ,  
but the ra te  of d e c r e a s e  i t se l f  d e c r e a s e s  as the deposi t  t e m -  
p e r a t u r e  ( subs t ra t e  t e m p e r a t u r e  during deposit ion) i n c r e a s e s .  

3. The s t ick ing  f r ac t i on  is independent  of deposi t  t h i ckness  and 
c h a m b e r  p r e s s u r e .  

4. The s t ick ing  f r ac t i on  is i n c r e a s e d  by deposi t ing the t i t an ium 
in a he l ium a tmosph e re .  

5. The r e c i p r o c a l  of the exponent ia l  decay cons tant  d e c r e a s e s  
with an i n c r e a s e  in both run  t e m p e r a t u r e  and deposi t  
t e m p e r a t u r e .  

6. The r e c i p r o c a l  of the exponent ia l  decay constant  is independent  
of deposi t  t h i ckness .  

7. The mode of t i t an ium adsorp t ion  of hydrogen appea r s  to be 
phys ica l  adsorp t ion .  

8. Diffusion appears  to be a p r inc ipa l  m e c h a n i s m  in the tota l  
p r o c e s s  by which t i t an ium r e m o v e s  hydrogen  gas.  
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APPENDIX 
INFLUENCE OF CHAMBER GEOMETRY OH STICKING FRACTION 

L e t  t h e  v a r i a b l e  x d e n o t e  t h e  a x i a l  d i s t a n c e  d o w n  t h e  c h a m b e r .  T h e  
t h r o u g h p u t  t r a n s m i t t e d  t h r o u g h  a c i r c u l a r  p i p e  of  d i a m e t e r  D a n d  l e n g t h  
L i s  g i v e n  by  (Re f .  12) 

Q = n__3 ~/ 2trMRT LDS (AP)  ( I - l )  

w h e r e  A P  i s  t h e  d i f f e r e n c e  in  p r e s s u r e  ( i n n a t e l y  n e g a t i v e )  f r o m  x = 0 to  
x = L a n d  Q i s  t h e  t h r o u g h p u t .  In  d i f f e r e n t i a l  f o r m  E q .  ( I - l )  c a n  be  e x -  
p r e s s e d  a s  

I - - - -  _ 

Q = = f a t  D ~ dP 
3 ~l 2rrM dx (I-2) 

In  t h e  c a s e  o f  o r d i n a r y  t r a n s m i s s i o n ,  Q i s  t h e  s a m e  f o r  a n y  v a l u e  of  x, 
bu t  i n  t h i s  c a s e  g a s  i s  b e i n g  c o n t i n u o u s l y  a d s o r b e d  by  t h e  c h a m b e r  w a l l s .  
T h e r e f o r e ,  t h e r e  e x i s t s  a c h a n g e  in  Q w i t h  x. T h e  s y m b o l  q w i l l  be  u s e d  
t o  d e n o t e  t h e  g e n e r a l  x d e p e n d e n t  v a l u e  o f  t h r o u g h p u t ,  Q w i t h  a s u b s c r i p t  
o r  s u p e r s c r i p t  w i l l  d e n o t e  a s p e c i f i c  v a l u e  o f  q, a n d  Q w i t h  n o  s u b s c r i p t  
o r  s u p e r s c r i p t  w i l l  d e n o t e  t h e  r a t e  a t  w h i c h  g a s  e n t e r s  t h e  s y s t e m .  F r o m  
E q .  (I- 2), 

dq rt ff~" - D ~ P 
d-V = - T dx ~ ( I - 3 )  

N o w ,  t h e  v o l u m e t r i c  r a t e  of  a d s o p r t i o n  by  an  i n c r e m e n t a l  r i n g  a r o u n d  t h e  
c h a m b e r  of  a r e a  dA ( s e e  F i g .  15a) i s  t h e  p r o d u c t  of  t h e  s t i c k i n g  f r a c t i o n ,  
a ,  t i m e s  t h e  v o l u m e  of  g a s  i m p i n g i n g  o n  dA p e r  u n i t  t i m e .  If  P i s  t h e  p r e s -  

s u r e  a t  x, t h e n  ( r e c a l l i n g  t h a t  b y  d e f i n i t i o n ,  Q = P d v  
dt  ' 

I 

dq = - a PdA ( I -4 )  

a n d  t h e r e f o r e  

d__q_q = R~2__~_M dx - a r,D P ( I - 5 )  

E q u a t i n g  E q s .  (I-5) a n d  (I-3) g i v e s  

d '~ P 3a p ( I -6 )  
dx---- z -  = 

w h i c h  w h e n  s o l v e d  ( a n d  a p h y s i c a l l y  i m p o s s i b l e  e x t r a n e o u s  r o o t  i s  d i s -  
c a r d e d )  g i v e s  

x/sa 
P = P~ e D z (I-7) 

where  P l  is once again the m e a s u r e d  p r e s s u r e  at x = 0. 

17 
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A s e c o n d  u s e f u l  e x p r e s s i o n  can  be ob t a ined  by t ak ing  the  d e r i v a t i v e  of 
d P  d P  

Eq.  (I-5) and e q u a t i n g  the  r e s u l t i n g  ~-~ to the  ~ of Eq.  ( I-2) .  T h i s  g i v e s  

d" q 3a 
dx'-'-r = -~r q (I-8) 

which when solved and given the same physical restriction as Eq. (I-6) to 
eliminate an extraneous root, gives 

q = Qo e v (I-9) 

w h e r e  Qo is tha t  p a r t  of Q w h i c h  is  not  a d s o r b e d  at x = 0 ( see  F ig .  15b). 
A t h i r d  u s e f u l  e x p r e s s i o n  can  be o b t a i n e d  by d i f f e r e n t i a t i n g  Eq.  (I-9) to 

dq 
obta in  ~ and e q u a t i n g  th i s  to Eq.  (I-5) - -  w h i c h  when  s o l v e d  fo r  P,  g i v e s  

- - - D ~  x 
p = Oo ( I - l O )  

Darra 

E q u a t i o n  (I-10) is of p a r t i c u l a r  u s e  when  q is  known  at s o m e  v a l u e  of x, 
s a y  x = a, and  it is  d e s i r a b l e  to e x p r e s s  P a t  x = b w h e r e  b > a .  T h e n  

~/sa (b-°) 
D 

Pb = 0. o (I-11) 

The remainder of this derivation consists of mathematically tracing the 
behavior of Q as a single gas packet bounces back and forth through the 
chamber. Such a gas packet should, strictly speaking, be denoted by QAt. 
However, in the end it is desirable to return to a continuous flux which 
would require dividing by the same At. Thus the introduction of a time 
parameter is an unnecessary complication, and the packet will be sym- 
bolized by just Q. 

In o r d e r  to e l i m i n a t e  d i f f i c u l t i e s  i n v o l v e d  in c o n s i d e r i n g  a n e g a t i v e  x 
d i r e c t i o n ,  the  c h a m b e r  is  s t r e t c h e d  out so  tha t  on ly  a p o s i t i v e  x d i r e c t i o n  
e x i s t s  ( s ee  F i g .  15c). Now, of the  in i t i a l  p a c k e t  e n t e r i n g  the  c h a m b e r ,  

a p a r t ,  Qo AD, is  a d s o r b e d  i m m e d i a t e l y  at x = 0 ( see  F ig .  15b). T h e  r e -  
m a i n d e r ,  Qo,  s t a r t s  down the  c h a m b e r .  At the  end  of the  c h a m b e r ,  i . e . ,  
at  x = L,  an  a m o u n t  QL a r r i v e s  w h i c h  is r e d u c e d  f r o m  Qo by the  a m o u n t  
of a d s o r p t i o n  s u f f e r e d  in t r a v e l l i n g  the l e n g t h  of the  c h a m b e r .  At x = L,  

an a m o u n t  of g a s ,  QL AD, is a d s o r b e d  and the  r e s t ,  Q ~ E F L  is r e f l e c t e d .  
T h e  p r o c e s s  c o n t i n u e s  unt i l  an i n s i g n i f i c a n t  a m o u n t  of the  i n i t i a l  p a c k e t  
r e m a i n s .  In o r d e r  to ob ta in  the  to ta l  f lux l e a v i n g  the  c h a m b e r  end  at  

x =  0, it is  n e c e s s a r y  to a d d Q o  + Q ~ E F L + Q 4 A L  D +  . . .  and  the  t o t a l  

_ R E F L  AD 
flux a d s o r b e d  at  x = 0 is  g i v e n  by Qo + ~ 2 L  + Q4L + " "" 

18 
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F r o m  E q .  ( I - 9 ) ,  t h e  v a l u e  o f q  a t  x = L i s  

~/sa 
- - ~  L 

D (I-12) 
QL = Qo e 

The value of QL AD is obtalned from the same argument used for Eq. (I-4) 

( o r ,  i n  f a c t ,  E q .  (8) ) .  T h u s  

= a AP L (I- 13) 

where A is given by 

A = r ,  D ~ ( I -  14) 
4 

a n d  P i s  o b t a i n e d  f r o m  E q .  ( I - 1 0 ) .  T h u s  
_ . . _  

Vsa 
QAD V' 3"-'a- D L 

L = Qo ~ e 

T h e  v a l u e  of  QREFL i s  o b t a i n e d  f r o m  
l . J  r - - - - -  

Vaa  
QREFL AD D L ( 
L = QL - QL = Qo e I :- 

N o w ,  r e p e a t i n g  t h i s  c h a i n  o f  t h o u g h t  f o r  x = 2 L  

and 

%/sa 

Q2L = QL R E F L  e D =Qo I 

D 2 Q 
= a %: 2rrM 4 P2L 

where this time P2L is given by Eq.' (I-11). 

~/3a _liEFL ----~L 

P2L ~/3a QL e 
= " liT 

D a ~ a ~2--5~" 
Therefore, 

r - - - - -  

V3a 

2L = Qo ~ . e 

And ( ~ R E F L  f o l l o w s  in  t h e  s a m e  m a n n e r  a s  E q .  
"~2L 

2 ~/-~-a L v ? l  ° Q2RL EFL = Qo 1 e 

B y  c o n t i n u i n g  t h i s  p r o c e s s  f o r  x = 3, 

QaL = Qo 1 - - 

~/3a "L 
V'3a  D 

4 e 

T h a t  i s ,  

( I - 1 6 ) .  T h a t  i s  

x = 4 ,  e t c . ,  i t  i s  e a s y  t o  s e e  t h a t  

-- n%/~"a L 
D 

e 

(i-15) 

( I -16)  

( I -17) 

( I -18) 

( I -19) 

(i-2o) 

( I -21)  

(i-22) 

19 



AEDC-TR-65-113 

QAD q-~"-a ( 
°L = ~ Qo I 

m I 
-- n V 3a L 

D 
e 

QREFL ( ~/-~)n D 
nL = Qo 1 e 

(I-23) 

(I-24) 

Using  Eq. (I-10) at x = O ,  

n~ = -REFL a R 2 ~ T  M Qo + t22n L = ~ D' n =l ~ =0 P2nL (I-25) 

But .=~o P2,L is  j u s t  the  m e a s u r e d  p r e s s u r e  at  x = O, tha t  i s ,  P1. 

fo re ,  

-- 2. ~ = a D' RT Qo + 1 - e PL 
=1 ~ ff 

There o 

(I-26) 

And summing up all equations such as Eq. 

AD ~ AD R 2 ~ T  . D , 
Qo + 1 Q2.L = a 4 

Recalling now that 

AD 
0o 

(1-13) gives 

P2nL = a ~/ 
RT 

.=0 ~ 2 

17 D 2 
P~ ( I - 2 7 )  

= Q - Q o  (I-28) 

Eq. (I-27) can be rewritten as 

.-I 2.qT -  

Q - Qo + x/~ 'a Qo ~ ! - ~ e = a p, 

Solving  Eq.  (I-26) fo r  Qo, i n s e r t i n g  tha t  so lu t i on  in to  Eq.  ( I-29) ,  and then  
rearranging gives 

2n 

P~ 2riM 4 I ÷ n~=l 

-~"TL l 

(z-3o) 

20 
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In o r d e r  to  c o m p a r e  Eq .  ( I -30 ) ,  w h i c h  is  i d e n t i c a l  w i t h  Eq .  (9), to  
E q .  (8), i t  i s  c o n v e n i e n t  to  p lo t  t h e  two  e q u a t i o n s ,  no t  a s  Q / P 1  as  a 
f u n c t i o n  of  ~,  bu t  i n s t e a d ,  P 1 / Q  as  a f u n c t i o n  of a .  A s k e t c h  of t h e  
b e h a v i o r  of t h e s e  two  e q u a t i o n s  ( fo r  t he  s a m e  t e m p e r a t u r e )  i s  s h o w n  in  
Fig. 15d. 

21 
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(3. 06 

a 

0.05 

0.04 

0.03 

O. 02 

O. 01 

0 I 
0 I0 
Thickness, 

0 
0 0 

Run Temperature -- 195°K 
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